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Group B streptococcus (GBS) expresses a hemolysin/cytolysin that plays an important role in patho-
genesis. Using the Himarl transposon mutagenesis system, a hypohemolytic mutant carrying an inter-
rupted cylJ gene was characterized. cyl/, encoding a putative glycosyltransferase, and cylK, whose product
is unknown, are both required for the full hemolytic/cytolytic activity, pigment formation, and virulence

of GBS.

Streptococcus agalactiae (also known as group B streptococ-
cus [GBS]) is a commensal organism found in the gastrointes-
tinal and genitourinary tracts of healthy individuals. However,
in certain circumstances, mostly in neonates, GBS can become
a life-threatening pathogen, causing invasive infections such as
pneumonia, sepsis, and meningitis. The hemolysin/cytolysin
expressed by GBS is an important virulence factor (8). Using
ISSI transposon mutagenesis, Spellerberg et al. identified a
cluster of genes that are required for the hemolytic activity of
S. agalactiae (16). This cluster comprises at least 12 open read-
ing frames that appear to belong to a single operon called cy/
(15). It comprises genes encoding an ABC transporter (cylA,
¢ylB), an acyl carrier protein homologue (acpC), additional
proteins involved in fatty acid biosynthesis (cylD, cylG, cylZ,
and cyll), a putative aminomethyltransferase (cy/F), and a pu-
tative glycosyltransferase (cyl/); it also comprises three GBS-
specific genes (cylX, cylE, and c¢ylK) of unknown function. The
ABC transporter encoded by this operon (cyl4 and cylB) was
proposed to be required for hemolysin export at the bacterial
surface (16). cylAB was recently shown to encode an ABC-type
multidrug-resistant (MDR) transporter (5). Until now, 8 out of
12 genes composing the cyl operon have been insertionally
inactivated (acpC, cylZ, cylA, cylB, cylE, cylF, cyll, and cylK),
and the corresponding mutants all displayed a hypohemolytic
phenotype, except for the cylE mutant, which clearly was non-
hemolytic (5, 13, 17). Indeed, the gene cylE, which confers a
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hemolytic activity to the recombinant Escherichia coli strain,
was identified as the structural gene for the GBS hemolysin/
cytolysin (13). Using the Himarl transposon mutagenesis sys-
tem developed for Streptococcus equi (7), a bank of about 2,000
mutants was generated in GBS strain NEM316. Efficient and
random transposition of the minitransposon onto the chromo-
some of NEM316 was demonstrated by Southern blot anal-
ysis and insertion site sequencing of 24 randomly chosen
mutants (data not shown). Screening of this bank on Todd-
Hewitt agar containing 5% defibrinated horse blood re-
vealed one hypohemolytic mutant in which the transposon
had inserted in the 3’ end of cylJ, the penultimate gene of
the ¢yl operon (Fig. 1). Quantitative reverse transcription-
PCR analysis revealed that transcription of the downstream
gene cylK was abolished in the cylJ::Himarl mutant (data not
shown). This result indicates that cylJ and cylK are cotrans-
cribed. In this work, we have analyzed the contributions of
cyl] and of the downstream cylK gene to the hemolytic/
cytolytic activity, its associated phenotype (i.e., pigment pro-
duction), and GBS virulence.

Variations of hemolysin production in clinical isolates are
difficult to quantitate precisely due to low levels of hemolysin
activity in culture supernatants. To circumvent this problem,
we deleted the CovR binding site in the cyl/ promoter region
(bp 661363 to 661423 in the NEM316 genome, as defined at
http://genolist.pasteur.fr/SagaList/), since CovR acts as a re-
pressor of the cyl operon (6, 7). As expected, a 50-fold increase
in B-galactosidase activity was observed in NEM316 when the
mutated promoter was cloned into pTCV-lac, in comparison
with the B-galactosidase activity of the wild-type cy/ promoter
(data not shown). The resulting mutant strain, strain CCH206,
thereafter called Pcyl+, displayed a hyperhemolytic and hy-
perpigmented phenotype similar to that of the CovSR ™ mutant
(data not shown). Therefore, to evaluate the respective roles of
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FIG. 1. Structure of the cy/ operon in the serotype III GBS strain
NEM316 (3). The 12 genes belonging to this cluster are shown, and
similarities of the deduced proteins to gene products with known
functions in the databases are indicated by shading. The CovR binding
site in the promoter region is depicted.

cyl] and cylK in the hemolytic/cytolytic activity of S. agalactiae,
in-frame deletions of these genes were constructed in a
CCH206 genetic background (Acyl/ [NEM2457] and AcylK
[NEM2458], respectively). An in-frame deletion of cylE was
also carried out in CCH206 (AcylE [NEM2456]) to further
characterize this mutation in the same hyperhemolytic genetic
background. The Acyll, AcylK, and AcylE deletions were also
constructed using the wild-type NEM316 strain, and similar
results were obtained (data not shown).

The primers used for the construction of deletion alleles are
listed in Table 1. In-frame deletions of cylE (using primers
01-02 and 03-04), cylJ (05-0O6 and O7-08), and cylK (O9-
010 and O11-012) were constructed by using splicing-by-over-
lap-extension PCR. A similar strategy was employed to delete
the CovR binding site in the cylX promoter region (using
primers O13-O14 and O15-0O16). Chromosomal gene ex-
changes were carried out as described previously (1, 2). In-
frame deletions of all genes were confirmed by PCR and se-
quence analysis. Macroscopic analyses of the mutants, colony
morphology, and growth curves in complex Todd-Hewitt me-
dium and in RPMI medium (used as a chemically defined
minimal medium) did not reveal any differences from the pa-
rental strain. As shown in Fig. 2A, the AcylE strain is nonhe-
molytic, whereas the AcylK and AcylJ strains are significantly
less hemolytic than the parental strain on a horse blood agar
plate. GBS hemolysin was reported to act as a cytolysin on lung
epithelial cells (9). We thus measured the cytotoxic activity of
the different mutants on A549 human pulmonary epithelial
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cells as described previously (11). Release of the cytoplasmic
lactate dehydrogenase (LDH) enzyme was used as an indicator
of cell lysis. The AcylE, AcylJ, and AcylK mutants were found to
be noncytotoxic (Fig. 2C), whereas the parental strain shows a
time-dependent cytotoxic effect. Taken together, these results
demonstrate that CylJ and CylK are required for full expres-
sion of the hemolytic/cytolytic activity of S. agalactiae, whereas
only CylE appears essential to promote hemolysis.

Until now, in GBS, hemolysis and pigment production have
never been dissociated (6, 9, 12, 16, 17). The GBS pigment has
been recently identified as a glycopolyene (14). The detection
of orange-red pigmented colonies in Granada medium is an
easy way to screen and identify GBS in clinical laboratories
(13). We therefore analyzed pigment production of the differ-
ent mutants on Granada medium plates incubated under
anaerobiosis at 37°C (Fig. 2B). The AcylE mutant was clearly
not pigmented, whereas the AcylK and AcylJ mutants produced
lesser amounts of pigment than did the parental strain. The
degree of pigmentation correlates with the hemolytic activity
of the mutants, with the Acy/E mutant < the AcylK mutant <
the AcylJ mutant < Pcyl+. Spectral analysis of pigment extract
from GBS cultivated in Todd-Hewitt broth supplemented with
0.1% starch and 1% glucose at 37°C (6, 17) shows a charac-
teristic triple peak in the parental strain that was reduced in
the AcylJ/ mutant and absent from the Acy/E and AcylK mutant
extracts (Fig. 2D). Thus, the amplitude of spectral absorbance
correlates with the level of hemolysin activity of the strains.
To be certain of the essential role of the GBS-specific c¢ylK
in hemolytic activity and pigment biosynthesis, single-gene
complementation was performed. The cylK gene was amplified
in its entirety with primers O17-O18 (Table 1) and cloned into
the low-copy-number shuttle vector pTCV-erm to be tran-
scribed from the gram-positive kanamycin resistance gene pro-
moter PaphA-3 (11). The vectors pTCV-erm and pTCV-erm
(PaphA-3-cylK) were introduced by electrotransformation in
NEM?2458 (AcylK). Transcomplementation with a plasmid-
borne cylK restored pigment production and hemolytic activity
in the AcylK deletion mutant (see Fig. S1 in the supplemental
material). These results point out the role of CylJ and CylK in

TABLE 1. Oligonucleotides used in this study

Primer Sequence (5" to 3 ) Gene target
o1 GGGATCGAATTCTTAGGGACTGTTTTATCTGCGGCG cylE
02 GCGGCAGCACCCGGGCGTGCCAGTTAAAGGCCTACCGTCTGG cylE
03 GGCACGCCCGGGTGCTGCCGCATCCGCCAAGGGGAACATGTC cylE
04 ATAAGGATCCAAAGCTTTATGACTAGCCAACC cylE
05 TTCAGCAGAATTCCTCTCTCGTCAAGCATTGGA cyl]
06 GCGGCAGCACCCGGGCGTGCCTCCAAGGATATGAATATCATGTCC cyl]
o7 GGCACGCCCGGGTGCTGCCGCGCGGAGGCAGAAATTGAATCCTTT cyl]
08 CTATAGGGATCCCACATTTATAGGAAATTTC cyl]
09 GCTTTGGGAATTCATTTAAACGAGATTGGGTGGA cylK
010 GCGGCAGCACCCGGGCGTGCCCTCCAATGTAGACTGCCTATT cylK
O11 GGCACGCCCGGGTGCTGCCGCGATGGCTATATTTATGGTTATGCT cylK
012 AGTAAGGATCCCGTCTCTTTAATGCGG cylK
013 GTTTAGAATTCTTAGGCTTACTAACTTAGC Peyl
014 CATTATTATGTTAAAATAGTAAC Peyl
015 GTTACTATTTTAACATAATAATGTGTTTGAAGTAGATGTTTAGA Peyl
016 TGTTAGGATCCACGACACTGCCATCAGCAC Peyl
017 GTAAAGGGATCCGCTGTCTTGAAAGAGGCTATG cylK

018 AAGTATCTGCAGACTTAGCACTATTCGCATCA cylK
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FIG. 2. Hemolytic/cytolytic activities and pigment formation in GBS strains. The in-frame deletion mutants NEM2456 (AcylE), NEM2457
(Acyl]), and NEM2458 (AcylK) derived from the hyperhemolytic and hyperpigmented strain CCH206 (Pcyl+). (A) Hemolytic phenotype of the
mutants on horse blood agar plates (BioMérieux). (B) Pigment formation on Granada medium plates. (C) The cytolytic activity of GBS on A549
human alveolar epithelial cells (multiplicity of infection, 100 bacteria per cell) was assessed using the cytotoxicity detection kit (LDH) (Roche) at
different time points (30 min, 1 h, and 2 h). The values were standardized such that the positive control phosphate-buffered saline-Triton 0.1%
gave 100% of LDH release. (D) Absorbance profile of pigment extracts from the parental strain Pcyl+ and its AcylE, AcylJ, and AcylK isogenic
mutants. The results shown are representative of three independent experiments.

GBS hemolysin and pigment biosynthesis and suggest a com-
plex enzymatic pathway involving CylE as an essential compo-
nent and CylJ and CylK as cofactors required for synthesis of
a fully potent hemolysin. Polyene and fatty acid biosynthesis
share common pathways (4). Of note, about half of the genes
of the ¢yl operon code for enzymes involved in the biosynthesis
of fatty acids (5), which can explain the close relationship
found between hemolysin and pigment production in GBS.
CylE has been shown to be involved in GBS virulence (8),
but the roles of CylJ and CylK have not been studied. Bacterial
virulence levels were compared using a neonatal rat sepsis
model (10), where the parental strain Pcyl+ and the isogenic
AcylE, Acyl], and AcylK mutant derivatives were injected intra-
peritoneally (i.p.) (Fig. 3). Randomized groups of 12 rat pups

were inoculated i.p. with 100 pl of bacterial suspensions con-
taining 5 X 10° GBS cells in 0.9% NaCl. The survival of the
pups was monitored for 7 days, and the statistical significance
of differences between groups observed was evaluated using
the Mann-Whitney U test. A P value of <0.05 was considered
statistically significant. The virulence of all mutants was signif-
icantly more attenuated than was that of the parental Pcyl+
strain, with the AcylE mutant being the less-virulent mutant
(Fig. 3). Interestingly, the AcylJ and AcylK mutants displayed
similar levels of virulence, which were intermediate to those of
Pcyl+ and the AcylE mutant (Fig. 3). At day 7 postinfection,
the percentages of mortality of the rat pups injected with
Pcyl+ and the AcylK, Acyl], and AcylE mutants were 90%, 75%
(P < 0.0213), 70% (P < 0.0213), and 30% (P < 0.0178),
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FIG. 3. Mortality curves in neonatal rats infected with the GBS
parental strain Pcyl+ and its AcylE, AcylJ, and AcylK isogenic mutants.

Two-day-old Sprague-Dawley rat pups (12 per strain) were inoculated
i.p. with 5 X 10° bacteria.

respectively. Thus, these results seem to show a positive cor-
relation between the virulence of these strains and their he-
molytic activity.

In summary, we have studied the role of two uncharacterized
genes, cylJ and cylK, belonging to the cyl operon. cylJ, the
penultimate gene of the cyl operon, encodes a putative glyco-
syltransferase of 403 amino acids related to UDP-glucurono-
syltransferase. cylK, the last gene of the cyl/ operon, encodes a
191-amino-acid protein and does not exhibit any similarity with
other genes in the current databases. We showed that both cylJ
and ¢ylIK are involved in, but not essential for, hemolytic/cyto-
lytic activity and pigment production, two linked phenotypes in
GBS, and that the level of hemolytic activity correlates with the
virulence in a neonatal rat sepsis model. Elucidation of the
biochemical nature of GBS hemolysin represents the next im-
portant challenge, and the CCH206 hyperhemolytic strain may
be useful for that purpose.
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